2+ events have been observed in diverse stem cell lines, including carcinoma and mesenchymal stem cells. Interestingly, during cell cycle progression, cells exhibit Ca 2+ transients during the G 1 to S transition, suggesting that these oscillations may play a role in cell cycle progression. We aimed to study the influence of promoting and blocking calcium oscillations in cell proliferation and cell cycle progression, both in neural progenitor and undifferentiated cells. We also identified which calcium stores are required for maintaining these oscillations. Both in neural progenitor and undifferentiated cells calcium oscillations were restricted to the G1/S transition, suggesting a role for these events in progression of the cell cycle. Maintenance of the oscillations required calcium influx only through inositol 1,4,5-triphosphate receptors (IP 3 Rs) and L-type channels in undifferentiated cells, while neural progenitor cells also utilized ryanodine-sensitive stores. Interestingly, promoting calcium oscillations through IP 3 R agonists increased both proliferation and levels of cell cycle regulators such as cyclins A and E. Conversely, blocking calcium events with IP 3 R antagonists had the opposite effect in both undifferentiated and neural progenitor cells. This suggests that calcium events created by IP 3 Rs may be involved in cell cycle progression and proliferation, possibly due to regulation of cyclin levels, both in undifferentiated cells and in neural progenitor cells. Published by Elsevier B.V.
Introduction
Cell cycle progression in mammalian somatic cells is known to be dependent on intracellular Ca 2+ signaling [1, 2] . Accordingly, previous reports showed that spontaneous Ca 2+ events were observed in the G 0 /G 1 phases of the cell cycle, suggesting a possible role for these events in reentry into the cell cycle [3] . Furthermore, G 1 /S and G 2 /M transitions are also coupled to increases in spontaneous Ca 2+ oscillations, which were demonstrated to be dependent on inositol 1,4,5-triphosphate receptors, (IP 3 Rs) [2, 4] . Cell cycle progression is known to require Ca 2+ influx from both extra-and intracellular sources. Accordingly, calcium removal from the extracellular solution and inhibition of replenishment of endoplasmic reticulum (ER) calcium stores result in arrest of the cell cycle in the G 1 /S transition [5, 6] . Calcium influx from internal (through ryanodine receptors and IP 3 Rs) and external stores (via storeoperated Ca 2+ channels and voltage gated calcium channels) are involved in cell proliferation [5, [7] [8] [9] [10] [11] [12] . Calcium wave-signaling is widespread, as it has been observed in cortical radial glia, in the ventricular zone [7, 8] , neurospheres [9] , mesenchymal stem cells [10, 13] , mouse embryonic stem cells [11] , mouse carcinoma stem cells [13] and cells in developing tissue [12, [14] [15] [16] . Although calcium oscillations have been observed in numerous model systems, many questions about the role of these Ca 2+ events in cell cycle progression and cellular proliferation remain unanswered. For instance, it is not known if the calcium stores necessary to maintain these calcium events are the same in embryonic and adult stem cells, or if they are conserved across neuronal differentiation. The mechanisms through which calcium events regulate cellular proliferation and progression of the cell cycle are also unknown. In the present work, to investigate these issues, we studied calcium oscillations throughout the cell cycle in undifferentiated and neural progenitor cells (NPCs), and identified which calcium stores are necessary for the occurrence of these oscillations.
We also studied the effects of manipulating calcium oscillations on proliferation and progression of the cell cycle. To this end we used stem cells derived from embryonic (P19 embryonic carcinoma stem cells, or CSCs) and adult tissue (murine bone-marrow derived mesenchymal stem cells, or MSCs). We show that calcium events are regulated by IP 3 Rs in undifferentiated stem cells and by IP 3 Rs and ryanodine receptors (RyRs) in neural progenitor cells. Interestingly, spontaneous Ca 2+ oscillations were restricted to the G 1 /S phase transition of the cell cycle, suggestive of a role for these oscillations in cell cycle progression. Lastly, blocking calcium oscillations with IP 3 R antagonists decreased proliferation and blocked progression of the cell cycle, while promoting calcium oscillations with IP 3 Rs agonists had the opposite effect, both in CSCs and MSCs. Importantly, we demonstrate that IP 3 R-mediated pathways modulate proliferation and progression of the cell cycle in a similar fashion in both undifferentiated cells and neural progenitor cells. We also show that the previously reported association between IP 3 Rs and proliferation [17] may be due to an IP 3 R-mediated increase in the expression levels of cyclins A and E. Thus, our data show that IP 3 Rs regulate both the cell cycle and calcium oscillations. These findings support a possible role for calcium oscillations in progression of the cell cycle. These effects were observed in both stem cells and neural progenitor cells derived from embryonic carcinoma and adult stem cells, suggesting it may be a conserved mechanism for stem cells from different origins.
Materials and methods

Reagents
Unless indicated otherwise, all reagents were purchased from Sigma (St. Louis, MO). Primers for Real Time PCR reactions were synthesized by Integrated DNA Technologies (Coralville, IA). The following antibodies were used for immunoprecipitation and Western blots: sc-601-G against CDK4, sc-163-G against CDK2, sc-177 against CDK6, sc-751 against cyclin A, sc-481 against cyclin E (all purchased from Santa Cruz Biotechnology); mouse monoclonal antibody to mouse p27 (K25020) (Transduction Laboratories, Lexington, KY); mouse monoclonal antibodies against cyclin A (Ab-1, E23) and cyclin D2 (Ab-4, DCS-3.1 + DCS-5.2) [18] (Abcam, Cambridge, UK); mouse monoclonal antibody against the C-terminal of human cyclin D3, which cross-reacts with the mouse homologue (DCS-22) [19] . Antinestin (Chemicon International Inc., Temecula, CA), anti-NEL (Santa Cruz Biotechnology, Delaware, CA) and secondary antibodies coupled with cytochrome 3 (Cy3, 1:200, Jackson Immunoresearch, West Grove, PA). The following polyclonal rabbit antisera were used: antinestin, anti-neuronal enolase (NEL), anti-SSEA-1 (Santa Cruz Biotechnology, Heidelberg, Germany) and anti-β-actin.
Culture and neuronal differentiation of CSC cells
P19 embryonic carcinoma cells (CSCs) cells (kindly provided by
Prof. Dr. José Garcia Ribeiro Abreu Jr., ICB, UFRJ) were maintained in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS, Cultilab, Campinas, Brazil), 100 units/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, and 2 mM sodium pyruvate and in a humidified incubator at 5% CO 2 and 37°C. For neuronal differentiation induction experiments, cells were exposed to 1 mM of all trans-retinoic acid (RA). Formation of embryonic bodies (EBs) was induced by culturing P19 cells in suspension in bacterial culture dishes coated with 0.2% agarose for 48 h at a density of 5 × 10 5 cells/ml in defined serum-free medium as described previously [20] [21] [22] [23] . The medium was changed every 2 days after plating on bacterial dishes. Eight days following addition of RA, neuronal differentiation was completed, as confirmed by immunostaining against neuronal proteins NF-200, neuronspecific enolase, and β-3-tubulin (data not shown). Differentiated P19 cell cultures were kept free from glial cells by treatment with 50 μg/ml cytosine arabinoside on the 6th day after induction of differentiation [20] [21] [22] .
Isolation and culture of sphere-derived cells from murine bone marrow (MSCs)
All experiments were performed in accordance with the Animal Protection Guidelines of the Federal University of Minas Gerais. Bone marrow cells (MSCs) were collected from 2-month-old C57Bl/6 mice bone marrow cells (MSCs) as previously described [13, 24] . Femurs and tibias from mice were flushed with complete medium constituted of DMEM, 10% fetal calf serum (FCS, Sigma), 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM glutamine, and 5 U/ml heparin. Cells were then plated at a density of 2 × 10 6 cells/cm 2 . Immunomagnetic separation with Dynabeads, in accordance to the manufacturer's protocol was used to separate differentiated hematopoietic cells. Briefly, primary rat anti-mouse antibodies, anti-CD8, CD11b, CD4, CD45R/B220, Ter119, and Gr 1 (PharMingen, San Jose, CA), were used to stain MSCs. Labeled cells were removed using Dynabeads M-450 Sheep anti-Rat IgG (Dynal Biotech, Oslo, Norway) with a Dynal Magnetic Particle Concentrator (Dynal Biotech) by centrifugation. The supernatant containing the lineage-depleted MSCs was then collected. Immunodepleted MSCs were resuspended in 10 ml of complete medium and plated on a 35 × 10 mm tissue culture dish (NUNC, Naperville, IL). Cells were cultured in a humidified incubator containing 5% CO 2 and 5% O 2 at 37°C for 24 h, non-adherent cells were removed and fresh complete medium was added. Cells were cultured until they reached 70-80% confluency and then adherent cells were detached with trypsin/EDTA and plated on 35 × 10 mm standard tissue culture dishes.
MSC sphere formation and culture expansion
A total of 100,000 cells were suspended in complete medium on dishes coated with 0.2% agarose. Suspended cells formed spheres and gradually increased in size. Seven days after suspension, cells were dissociated mechanically by gentle pipetting. Dissociated cells were cultured in complete medium, which was changed every other day. After reaching 40-50% confluency, cells were detached with Trypsin/ EDTA and replated at a 1:4 dilution. Sphere-derived cells were harvested for the experiments as described below when each well contained more than 1 × 10 7 cells.
To induce neuronal differentiation, sphere-derived cells were treated as previously described [13, 24] . Briefly, cells were plated at a cell density of 1 × 10 4 cells/cm 2 on gelatin-coated dishes in neurobasal medium (Gibco BRL) with B27 Supplement (50×, Invitrogen), 20 ng/ ml EGF, and 10 ng/ml bFGF for 7 days, followed by culture in neurobasal medium with 0.5 μM retinoic acid and 20 ng/ml β-NGF for 5 days. Experiments were performed on control cultures the first day after plating. Pharmacological synchronization of cells in specific phases of the cell cycle was started 24 h after plating, and cells were incubated for a minimum of 12 h before experimental use.
Calcium oscillation analysis in CSC and MSC cells
CSC and MSC cells were loaded with Fluo3-AM by incubation with 4 μM Fluo3-AM in 0.5% Me 2 SO and 0.1% of the non-ionic surfactant pluronic F-127 for 30 min at 37°C in an extracellular medium containing 140 mM NaCl, 3 mM KCl, 1 mM MgCl 2 , 2.5 mM CaCl 2 , 10 mM HEPES, and 10 mM glucose at pH 7.4. After loading with Fluo3-AM, cells were washed with incubation buffer and incubated for 20 min to ensure complete de-esterification of Fluo3-AM. Ca 2+ imaging was performed with an LSM 510 confocal microscope (Zeiss, Jena, Germany) at 20-22°C. Fluo3 was excited with a 488 nm line from an argon ion laser and the emitted light at 515 nm was detected using a band pass filter. At the end of each experiment, 5 μM of the ionophore 4-Br-A23187 followed by application of 10 mM EGTA were used to determine maximal (F max ) and minimal (F min ) fluorescence values. Ca 2+ concentration was calculated from the Fluo3 fluorescence emission using a self-ratio equation as described previously [13, 20, 21, 25] , assuming a K d of 450 nM. The osmolarity of all the solutions ranged between 298 and 303 mosmol/L. Calcium concentrations were calculated for cell populations of at least 10 cells in three different experiments. Calcium oscillations from neural progenitor cells derived from both CSCs and MSCs were measured 6 days after the induction of neuronal differentiation. As we described previously [13, 20] , at this time point 31% and 32% of cells were neural progenitor cells, in CSCs and MSCs, respectively [13, 20] . -ATPase (SERCA) such as cyclopiazonic acid (CPA, 10 μM) [13, 25] and 1 μM thapsigargin [26] on oscillations were evaluated to study the role of depleting ER calcium on calcium events. The influence of voltage-gated calcium channels (VGCC) on oscillations was also studied. To this end, cells were exposed to the VGCC blocker CdCl 2 (100 μM) [27] and to the L-type calcium blocker nifedipine (5 μM) [27, 28] and an agonist of L-type channels Bay-K (10 μM). In order to investigate the influence of store operated Ca 2+ channels (SOCs) on calcium oscillations, the SOC inhibitor lanthanum (50 μM) was used [29] [30] [31] . 2-Aminoethoxydiphenyl borate (2-APB, 10 μM), a cell permeant and reversible inhibitor of IP 3 R opening [32] was used to study the involvement of IP 3 Rs on oscillations. Ryanodine (10 μM; Rya InhC), which at this concentration act as an inhibitor of RyR [33] , was used to study the involvement of RyRs on calcium oscillations. The effect of caffeine (10 mM) was also studied, for caffeine at this concentration acts both as an inhibitor of the IP 3 R [34] and as an activator of RyRs [35] . Various drugs were used to evaluate the contribution of IP 3 Rs on calcium oscillations, such as U-73122 (5 μM), a phospholypase C inhibitor [36] , and xestospongin C (XeC) (1 μM), a membrane-permeable inhibitor of IP 3 [28] . XeC at 1 μM only affects the IP 3 R, but not the RyR, which has an IC 50 = 22.6 ± 2.2 μM [37] ).
To evaluate the contribution of extracellular and intracellular Ca 2+ mobilization on cell growth rate and cell cycle progression, the effects of 5 μM U-73122, a phospholypase C inhibitor and its biologically inactive analog U-73343 (5 μM) [36] were evaluated. The effect of the intra-cellular calcium chelator BAPTA-AM (10 μM) was also studied. Growth rate and cell cycle analysis assays were also carried out in the presence of thapsigargin (1 μM) [26] , XeC (1 μM) [28] , nifedipine (5 μM) and lanthanum (50 μM), IP 3 R influence on cell growth was studied by exposing cells to the reversible inhibitor of IP 3 R opening 2-aminoethoxydiphenyl borate (2-APB, 10 μM) [32] , the IP 3 R agonist adenophostin-A (AdA) (2 nM) [38, 39] , and thimerosal (10 μM), a thiol reagent described to increase the sensitivity of IP 3 R for its agonist [40] .
Immunocytochemical analysis of the cell cycle
After recording calcium transients, a mark was made by a needle around the cell on the slide (Lab-Tek). Cells were rapidly fixed in −20°C ethanol (75%) for 30 min and subsequently washed with and incubated in phosphate-buffered solution containing 1 mg/ml bovine serum albumin for 10 min at 25°C. Double-labeled immunofluorescence staining was carried out by incubation with monoclonal antibodies against cell cycle-specific nuclear antigens (fluorescein isothiocyanate-conjugated anti-PCNA and R-phycoerythrin-conjugated Ki-67) for 30 min at 25°C. Stained cells were observed under a fluorescence microscope (Axioskop, Zeiss) and photographed for later analysis. PCNA expression varies throughout the cell cycle, as it has no expression in the G 0 phase, moderate expression in the G 1 or G 2 phase, and maximal expression in the S phase. Ki-67 expression also differs in different phases of the cell cycle, as it has no expression in the G 0 phase, weak and aggregated expression in the G 1 phase, increasing expression in the S phase, and maximal expression in the G 2 and M phases. Thus, double staining with these two markers results in a different nuclear fluorescence color for each phase of the cell cycle. Cells in G 0 had no specific nuclear fluorescence, whereas the cells in G 1 showed green fluorescence (PCNA) associated with aggregated spotty red-orange fluorescence (Ki-67). Cells in the M phase had red (Ki-67) fluorescence, and cells in the S phase emitted both red (Ki-67) and green (PCNA) fluorescence, thus giving them a yellow appearance. Double staining coupled allowed to identify the cell cycle phase of the cell enclosed by the mark made by the needle. Differential nuclear staining was confirmed in stem cells by arresting cells in the S or M phase with aphidicolin and TN-16, respectively.
Cell cycle synchronization and detection by fluorescence-activated cell sorting
To synchronize CSCs and MSCs in the transition from G 1 to S phase, cells were incubated for 12 h with mimosine (MIM; 500 μM), an inhibitor of the cell cycle which induces arrest in G 1 by chelating iron ions and inhibiting DNA replication in mammalian cells [41] or hydroxyurea (HU; 2 mM), which blocks the synthesis of deoxynucleotides inhibiting DNA synthesis, inducing synchronization in Sphase [42] . In order to synchronize cells in the transition from G 2 to M, cells were treated with demecolcine (DC; 20 ng/ml), which arrests cells in metaphase [43] . Nocodazole (NOC; 100 ng/ml), was used to arrest the cell cycle at G 2 /M phase, as this drug disrupts mitotic spindles [44] . After 12 h, the cells were washed with EM and used for Ca 2+ imaging experiments within 2 h. Cell cycle distribution was determined using a FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA). Cells were washed with phosphate buffered saline and incubated for 10 min in ice-cold ethanol (70%). After washing, cells were treated with RNase (100 mg/million cells in PBS; 30 min at 37°C). Propidium iodide (PI, 50 μg/ml)/RNase A staining buffer was added for 60 min at 4°C. PI fluorescence was detected at 600 nm by exciting at 488 nm. Data were acquired with Cell Quest software, and the percentages of G 1 , S, and G 2 phase cells were calculated with MODFIT software.
RNA isolation, reverse transcription and real-time PCR
Total RNA was isolated using TRIzol (Invitrogen) from undifferentiated CSC and MSC cells. Integrity of the isolated RNA was verified by separation on a 2% ethidium bromide-stained agarose gel. DNA was removed from RNA samples by incubation with DNase I (Ambion Inc., Austin, TX). Primer sequences for reverse transcription and PCR amplification of β-actin, IP 3 Rs and RyRs isoforms mRNA are listed in Table 1 . Negative controls were treated with water and total RNA was non-reverse transcribed. DNA templates were amplified by real time PCR on the 7000 Sequence Detection System (ABI Prism, Applied Biosystems, Foster City, CA, USA) using the Sybr green method [20, 21, 45] . β-Actin was used as an internal control to normalize variations in cDNA concentrations. Experiments were performed in triplicate for each data point. After amplification, electrophoresis of 10 μl reaction mixture on a 2% NuSive/agarose gel (3:1) (FMC product, Rockland, ME) was visualized under UV illumination after staining with ethidium bromide.
Proliferation assays
To determine DNA synthesis rate, cells were exposed to 5-bromo-2-deoxyuridine (BrdU; Amersham Life Sci). Twenty-four hours prior to proliferation stimulation, undifferentiated and neural progenitor cells from both CSC and MSCs were kept in serum-free defined medium. Cells were then maintained for 12 h in culture medium in the absence or presence of the following drugs: U-73122 (5 μM) and its biologically inactive analog U-73343 (5 μM) [36] , BAPTA-AM (10 μM), thapsigargin (1 μM) [26] , 2-APB (10 μM) [32] , XeC (1 μM) [28] , nifedipine (5 μM), lanthanum (50 μM), AdA (2 nM) [38, 39] , and thimerosal (10 μM) [40] . BrdU (15 μM) was then added to the cell culture for 60 min. BrdU labeling was monitored and used as a measure for cell proliferation. To measure BrdU incorporation, cells were incubated with an anti-BrdU monoclonal antibody (Roche Applied Science, Indianapolis, IN) followed by incubation with biotinylated goat anti-mouse IgG and avidin-biotin complex (Jackson Immunoresearch; 1:200). Aminoethylcarbazole was used as a chromogen for visualization of BrdU-positive cells. A more detailed description of the method used can be found elsewhere [13, 22] .
For immunofluorescence double-labeling experiments, embryonic cells were fixed in acidic alcohol and processed for nestin staining, followed by BrdU incorporation and anti-BrdU staining. Cell preparations were then incubated with rabbit anti-nestin antibody (1:200; Chemicon International Inc.) and immunofluorescence was detected in the presence of anti-rabbit IgG-Cy3 (Abcam, Cambridge, MA) or IgG-Alexa-Fluor 488 (Molecular Probes, Eugene, OR) secondary antibodies. Incubations were performed for 1 h at room temperature. Nestin immunostaining was followed by incubation with 1 N HCl, neutralization with 0.1 M sodium tetraborate and incubation with Alexa Fluor 647-conjugated anti-BrdU (Molecular Probes) monoclonal antibodies for 1 h at room temperature. After washing with phosphate-buffered saline (PBS), BrdU/Nestin stained cells were examined by fluorescence microscopy.
Preparation of cytosolic and total membrane fractions
Cytosolic and total membrane fractions were prepared using a slight modification of the method reported by Mackman et al. [46] . Medium from undifferentiated and neural progenitor cells (NPCs) from the 4th day of differentiation of CSCs and MSCs was removed and replaced with serum-free DMEM including all the supplements contained in the defined medium for 12 h prior to the experiments.
After removing the medium, cells were washed twice with ice-cold PBS, scraped, harvested by microcentrifugation, and resuspended in buffer A (137 mM NaCl, 8.1 mM Na 2 HPO 4 , 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 2.5 mM EDTA, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 10 μg/ml leupeptin, 0.5 mM sodium orthovanadate, pH 7.5). Resuspended cells were then mechanically lysed on ice by trituration with a gauge needle. Cell lysates were initially centrifuged at 1000 × g for 10 min at 4°C. Supernatants were collected and centrifuged at 100,000 × g for 1 h at 4°C to prepare the cytosolic and total particulate fractions. The supernatant (cytosolic fraction) was then precipitated with five volumes of acetone, incubated in ice for 5 min, and centrifuged at 20,000 × g for 20 min at 4°C. The resulting pellet was resuspended in buffer A, containing 1% (vol/vol) Triton X-100. The particulate fractions containing the membrane fraction were washed twice and resuspended in buffer A containing 1% (vol/vol) Triton X-100. Protein levels were quantified using Bradford's procedure [47] .
Western blot analysis
Cells were harvested, washed twice with phosphate-buffered saline, and exposed to lysing buffer (20 mM Tris [pH 7.5], 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM sodium orthovanadate) for 30 min in ice. The lysates were then cleared by centrifugation (10 min at 15,000 rpm, 4°C), and protein concentration was determined using the Bradford method [47] . Equal amounts of protein (20 μg) were resolved by electrophoresis by 10% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. Blots on membranes were washed with TBST (10 mM Tris-HCl [pH 7.6], 150 mM NaCl, 0.05% Tween-20), blocked with 5% skim milk for 1 h, and incubated with the appropriate primary antibody. Membranes were then washed, and primary antibodies were detected with goat anti-rabbit IgG or goat anti-mouse IgG conjugated to horseradish peroxidase. The bands were then visualized by enhanced chemiluminescence (Amersham Pharmacia Biotech).
Immunoprecipitation and kinase assays
Cells were extracted for 30 min in ice-cold lysis buffer (0.1 mM dithiothreitol, 8 mM β-glycerophosphate, 1 mM ethylenediaminetetraacetic acid, 150 mM sodium chloride, 50 mM sodium fluoride, 0.5% Nonidet P-40, 50 mM Tris-HCl (pH 7.4), 1 μg/ml aprotinin, 100 mM phenylmethylsulphonyl fluoride (PMSF), 10 μg/ml soybean trypsin inhibitor, 10 μg/ml tosylphenylalanine chloromethane, 1 μg/ml leupeptin), and further processed as described previously [13, 22] . Briefly, extracts were cleared by centrifugation at 15,000 × g for 5 min at 4°C and stored at −80°C until use. After thawing, protein concentration was determined using a DC protein assay kit (Bio-Rad). Extracts were incubated with the appropriate antibodies for 1 h in ice.
Immunoprecipitates were collected on Protein G agarose beads by overnight rotation, washed four times with lysis buffer, re-suspended in 2× Laemmli sample buffer, and subjected to SDS-PAGE followed by Western blot analysis. To control for the specificity of the immunoprecipitation reaction, a control sample containing only cell lysate and G protein-coupled beads, but no antibody, was included in each set of immunoprecipitated samples (no antibody control). For kinase assays, immunoprecipitates were prepared as above, except that the last two washes were performed using kinase assay buffer (50 mm N-(2-hydroxyethyl) piperazine-N′-(2-ethanesulfonic) acid (HEPES), pH 7.5; 8 mM β-glycerophosphate; 1 mM dithiothreitol; 10 mM MnCl 2 ; 10 mM MgCl 2 ). For CDK2, kinase reactions were carried out for 30 min at 37°C in a total volume of 25 μl in kinase assay buffer supplemented with 100 μg/ml histone H1 (type III-S) and 40 μCi/ml [ 32 P]ATP. For CDK4, kinase reactions were carried out for 30 min at 30°C in a total volume of 25 μl in kinase assay buffer supplemented with 160 μg/ml IP3R1  NM_010585  FWD  5′ CTGCTGGCCATCGCACTT 3′  66  REV  5′ CAGCCGGCAGAAAAACGA 3′  IP3R2  NM_019923  FWD  5′ AGCACATTACGGCGAATCCT 3′  77  NM_0105868 REV  5′ CCTGACAGAGGTCCGTTCACA 3′  IP3R3  NM_080553  FWD  5′ CGGAGCGCTTCTTCAAGGT 3′  75  REV  5′ TGACAGCGACCGTGGACTT 3′  RYR1  NM_009109  FWD  5′ AGACGCTACCACCGAGAAGAAC 3′ 83  REV  5′ TGGAAGGTGGTTGGGTCATC 3′  RYR2  NM_023868  FWD  5′ CCGCATCGACAAGGACAAA 3′  76  REV  5′ TGAGGGCTTTTCCTGAGCAT 3′  RYR3 NM_177652
GST-pRb (type III-S) and 40 μCi/ml [ 32 P]ATP. For the negative control, samples of kinase reactions no antibody control and substrate control were used. Reactions were terminated by addition of 2× Laemmli sample buffer. Each reaction mix was then subjected to SDS-PAGE. Autoradiographies of gels and bands were quantified on a Molecular Dynamics PhosphorImager plate.
Statistical analysis
Data are presented as means ± S.E.M. of five or more independent experiments, each with two replicates. Statistical significance was determined by Student's t-test or one-way ANOVA plus a post-hoc Tukey's test. Values of p b 0.05 were considered as statistically significant.
Results
Spontaneous Ca
2+ oscillations are restricted to the G 1 /S phase transition during neuronal differentiation of CSCs and MSCs
To study neuronal differentiation in embryonic (CSCs) and somatic (MSCs) stem cell lines and the role of calcium events in this process, we monitored the occurrence of calcium oscillations in undifferentiated cells and differentiated neural progenitor cells (NPCs). Spontaneous Ca 2+ oscillations were present in 37% and 64% of undifferentiated CSCs and MSCs, respectively. During neuronal differentiation, the number of oscillating cells did not change. However, there were significant differences in amplitude, as NPCs had higher amplitude calcium events than undifferentiated cells ( Supplementary Fig. 1 ). To determine if these spontaneous Ca Undifferentiated cells were synchronized at the G 1 /S transition with mimosine (MIM, 500 μM), an iron chelator that inhibits DNA replication in mammalian cells [41, 48] . To study cells in the G 2 /M transition, cells were incubated with demecolcine (DC, 20 ng/ml), a substance that depolymerizes microtubules, blocking mitosis at metaphase. FACS analysis of PI-stained MIM-and DC-treated cultures revealed a shift of the cell cycle distribution from control conditions. In CSC and MSC MIM-treated cultures, the majority of cells were in G 1 , in both NPCs and undifferentiated cells, whereas in DC-treated cultures, cells accumulated in the G 2 /M transition (Fig. 1) . This demonstrates that we successfully arrested the cell cycle in the G 1 /S and in the G 2 /M transitions, respectively, with MIM and DC (Fig. 1) , as shown previously [13, 17, 22, [49] [50] [51] .
The number of cells with spontaneous Ca 2+ oscillations after treatment with MIM increased in both undifferentiated cells and NPCs from CSCs and MSCs (Table 2) . Moreover, these increases were correlated with the total number of cells synchronized in the G 1 phase of the cell cycle (Fig. 1) . In undifferentiated cells and NPCs treated with DC, only a low percentage of cells within individual colonies had spontaneous Ca 2+ oscillations. Interestingly, the number of cells with such oscillations correlated with the number of cells in G 1 (Fig. 1) . We also used other cell cycle inhibitors (HU and NOC) to verify if the shift in the total number of cells presenting spontaneous Ca 2+ oscillations was due to a reaction to DC and MIM that is unrelated to control of the cell cycle (Fig. 1) .
To synchronize cells in the G 1 /S transition, we used 2 mM hydroxyurea (HU), a drug that arrests cells in the S phase by blocking deoxynucleotides synthesis [42] . In order to arrest the cells in the transition from G 2 to M, cells were incubated with NOC (100 ng/ml), a drug that disrupts mitotic spindles [44, 48] . Treatment with HU and NOC induced effects that were similar to exposure to MIM and DC, respectively (Fig. 1) . Thus, different drugs that arrest the cell cycle in the same transition points produced similar results. This strongly suggests that the observed increase in the fraction of G 1 cells displaying calcium oscillations is indeed due to arrest in the G 1 /S transition. Importantly, the frequency and amplitude of Ca 2+ oscillations did not differ between control and G 1 / S synchronized cells ( Supplementary Fig. 1 ). These results show that cells displaying calcium oscillations are primarily in G 1 /S. Moreover, these data indicate that while the fraction of cells displaying calcium oscillations is modulated throughout the cell cycle, the frequency and amplitude of these events are not. Strikingly, the same results were found in NPCs and undifferentiated cells derived from two different lineages, suggesting that this event may be conserved across lineages. -ATPase (SERCA) [51] . Calcium influx from external sources can be mediated by voltage-gated calcium channels and store-operated calcium channels (SOCs) [52, 53] . We studied the influence of calcium influx from both external and internal sources in the spontaneous Ca 2+ oscillations observed in the G 1 /S transition. The influence of internal calcium stores on calcium transients was evaluated by treating cells with the SERCA inhibitor cyclopiazonic acid (CPA). CPA depletes intracellular calcium stores, thus abolishing the contribution of these stores to the observed oscillations. Interestingly, calcium oscillations were undetectable in undifferentiated cells exposed to CPA. However, in NPCs CPA had a less drastic effect, only reducing the amplitude and frequency of the oscillations (Fig. 2 and Supplementary Fig. 2 ). This result suggests that internal calcium stores are required to produce these calcium events in undifferentiated cells, while NPCs can maintain them through other mechanisms, such as by activation of voltage gated calcium channels [10, 21, 54] -free extracellular solution, which was obtained by adding the calcium chelator EGTA. Interestingly, the amplitude and frequency of Ca 2+ oscillations were reduced, but less robustly than in CPA-treated cells ( Fig. 2 and Supplementary  Fig. 2 ). These results show that while external calcium may influence the amplitude and frequency of these oscillations, presumably because they may be necessary to replenish intracellular stores.
To characterize the contribution of external calcium stores we sought to identify which channels mediate the influx of external calcium necessary to maintain Ca 2+ oscillations. To this end, cells were exposed to the SOC inhibitor lanthanum (50 μM), and the L-type Ca 2+ channel inhibitor, nifedipine (5 μM). Interestingly, inhibition of L-type calcium channels and SOCs abolished calcium events in undifferentiated cells and NPCs ( Fig. 3 and Supplementary Fig. 3 ). It is noteworthy that these results were conducted in the presence of thapsigargin, a drug that inhibits the ER SERCA pump, abolishing the contribution of internal stores to the Mimosine (MIM; 500 μM); demecolcine (DC; 20 ng/ml); nocodazole (NOC; 100 ng/ml), and hydroxyurea (HU; 2 mM). Data presented are means ± S.E.M. ⁎p b 0.05, ⁎⁎p b 0.001 relative to control conditions. from intracellular stores. As depletion of intracellular stores triggers calcium influx through SOCs, it is likely that the observed increase in calcium oscillations following the addition of Ca 2+ (2.5 mM) is due to SOC opening ( Fig. 3 and Supplementary Fig. 3 ). oscillations, as they are still observed in the absence of extracellular calcium (see the first 500 s of the traces shown in Fig. 3A ).
Spontaneous Ca 2+ oscillations are regulated by IP 3 Rs in undifferentiated cells and by IP 3 Rs and RyRs in neural progenitor cells
We also analyzed the contribution of internal calcium stores to calcium oscillations. RyR mRNA was observed after, but not before induction of neuronal differentiation ( Supplementary Fig. 6 ), as previously described [13, 55] . The ER channel IP 3 R, on the other hand, was present during all developmental stages of stem cells ( Supplementary Fig. 6 ) [13, 55] . To determine which channels mediate spontaneous Ca 2+ oscillations in undifferentiated stem cells and NPCs we exposed cell cultures to the IP 3 R antagonist 2-APB (10 μM), or to ryanodine (10 μM), which in this concentration acts as a RyR antagonist [33] . Calcium transients were abolished in undifferentiated cells treated with IP 3 R inhibitors, such as 2-APB, U-73122 or xestopongin C (Fig. 4 and Supplementary Fig. 4 ). On the other hand, exposure to the RyR inhibitor ryanodine (10 μM) in undifferentiated cells did not block spontaneous Ca 2+ oscillations and no difference in oscillation frequency or amplitude was found (Fig. 4 and Supplementary Fig. 4) . To confirm the result, we treated undifferentiated cells with the RyR agonist and IP 3 R inhibitor caffeine (10 mM). Undifferentiated cells treated with caffeine did not display calcium oscillations as previously demonstrated (Fig. 4 and Supplementary Fig. 4 ) [13, 55] . Conversely, in NPCs, caffeine (10 mM) caused a transient peak in calcium (Fig. 4 and Supplementary Fig. 4 ) that is attributable to a caffeine-induced release from ryanodine-sensitive stores, indicating the involvement of RyRs in calcium oscillations in NPCs. The subsequent depression of [Ca 2+ ] i can be either due to suppression IP 3 Rs [56] [57] [58] [59] or to depletion of ryanodine-sensitive calcium stores [59, 60] .
Consistent with a role for RyRs in calcium events in NPCs, treatment with ryanodine (10 μM) reduced the amplitude and frequency of Ca 2+ oscillations ( Fig. 4 and Supplementary Fig. 4 ). Unlike in undifferentiated cells, oscillations in NPCs were reduced, but not abolished by the IP 3 R inhibitor xestopongin C. This suggests that NPCs can maintain calcium oscillations through mechanisms independent of IP 3 R signaling, such as RyR-mediated Ca 2+ release [13, 21, 54, 61] .
Thus, the finding that Ca 2+ transients were abolished in undifferentiated cells in the presence of caffeine suggests that IP 3 Rs, but not RyRs, are required for maintaining these oscillations. Application of 2-APB resulted in a reversible inhibition of Ca 2+ oscillations, indicating a contribution from IP 3 -sensitive stores and SOCs (Fig. 4 and Supplementary Fig. 4) . The same results were found when cells were treated with U-73122, a drug that decreases IP 3 R signaling by inhibiting PLCmediated production of IP 3 . Cells were also treated with the membranepermeable inhibitor of IP 3 Rs, Xestospongin C (XeC). Cells were treated with U-73122 and XeC because the effect observed with 2-APB could be due to its effect on gap junctions and SOCs [62] [63] [64] . Spontaneous oscillations were also decreased by U-73122, XeC and caffeine in both undifferentiated and NPCs from CSC and MSC cells. Our data consistently indicate that in both CSCs and MSCs, spontaneous oscillations in undifferentiated cells depend on the release of Ca 2+ from IP 3 R-regulated intracellular stores, while in NPCs, both RyRs and IP 3 Rs contribute to these oscillations ( Fig. 4 and Supplementary Fig. 4 ).
Role of spontaneous Ca 2+ events in cell cycle progression and cell proliferation
It has been reported that cell cycle progression occurs synchronously with spontaneous Ca 2+ events [17, 65, 66] . These events can be ] i within a single cell during superfusion with the IP 3 R antagonist 2-aminoethoxydiphenyl borate (2-APB, 10 μM), or with Ryanodine (Rya InhC, 10 μM), which at this concentration acts as a RyR antagonist. Cells were also treated with caffeine (10 mM), which in this concentration inhibits IP 3 Rs and activates ryanodine receptors. Cells were also exposed to the phospholipase C (PLC) inhibitor U-73122 (5 μM). induced by IP 3 in cells in culture and in early embryos [4, 67] . We further studied the role of intracellular calcium dynamics in this process in undifferentiated cells and NPCs, derived from CSCs and MSCs. To this end, we determined the proliferation rate of cells treated with the PLC-β blocker U-73122 (5 μM) and the intracellular Ca 2+ chelator BAPTA-AM (10 μM). Treatment with these drugs significantly decreased rates of proliferation ( Fig. 5 and Table 3 ). Importantly, U-73343, a structural analog of U-73122 that does not inhibit PLC-β activity, did not affect growth rates (Fig. 5A, B) . Cells were also treated with 2-APB (10 μM), xestospongin C (XeC, 1 μM), and thapsigargin (1 μM) to evaluate the growth rate of undifferentiated CSCs and MSCs. Blocking calcium oscillations by decreasing IP 3 R activation with XeC and 2-APB induced a significant slowing in cell cycle progression (Fig. 5A, B) . Additional studies were carried out to elucidate if promotion of calcium oscillations through activation of IP 3 Rs affect the rate of proliferation in CSCs and MSCs. Cells were treated with either AdA (2 nM), an IP 3 R agonist, or thimerosal (10 μM), a thiol reagent described to increase the sensitivity of IP 3 R for its agonist. Both induced an increase in the rate of proliferation of undifferentiated CSCs and MSCs (Fig. 5A, B) . These results suggest the involvement of PLC-β and IP 3 -induced release of Ca 2+ from internal stores in signaling pathways leading to proliferation. Similar results were obtained with BrdU incorporation assays (Fig. 5C) , showing that the results in Fig. 5A and B are due to increased proliferation, and not thus cannot be attributed to a decrease in cell death.
Strikingly, exposure to drugs that decrease calcium oscillations, such as U-73122, 2-APB, lanthanum, nifedipine or BAPTA-AM decreased the number of cells in G 2 /M but increased the number of cells in the G 1 and S phases, both in undifferentiated cells and NPCs (Fig. 6) . Conversely, exposure to the RyR agonist ryanodine (1 μM), or to the IP 3 R agonists AdA and thimerosal increased the fraction of cells in G 2 /M (Fig. 6) . To characterize the participation of extracellular Ca 2+ stores on cell cycle progression we used nifedipine, an L-type calcium channel blocker, and lanthanum, a SOC inhibitor. Both nifedipine and lanthanum induced a significant increase on cell turnover time ( Fig. 5 and Table 3 ). These data indicate that PLC-mediated Ca 2+ oscillations may play an important role in cell cycle progression through the G 1 /S phase in undifferentiated CSC and MSC cells.
Involvement of IP 3 R-induced signaling in cyclin expression
We showed that decreasing calcium oscillations by blocking IP 3 R responses reduced the number of cells residing in G 2 /M and the rate of proliferation of undifferentiated cells and NPCs (Fig. 5C ). This result suggests that the expression of cell cycle regulators, such as cyclin D1 may be affected by altered IP 3 R signaling. To further study this issue we studied the effects of treating cells with the purinergic receptor agonist ATP, as ATP induces calcium transients mediated by IP 3 R activation [20, 49] . ATP was found to increase levels of proteins that are highly expressed in proliferating cells, such as cyclin D1, cyclin E, CDK2, and CDK4 ( Fig. 7 and Supplementary Fig. 5 ). Conversely, the opposite effect was found when cells were exposed to drugs that suppress calcium waves, such as the IP 3 R pathway inhibitors 2-APB, xestospongin C, wortmanin, and PD 98059 ( Fig. 7 and Supplementary   Fig. 5 ). These results were observed with undifferentiated cells and NPCs derived from both CSCs and MSCs. To verify if IP 3 R was indeed the calcium channel that mediated the effects observed on progression of the cell cycle, we treated NPCs with antagonists of other calcium channels, such as thapsigargin, lanthanum, and ryanodine at inhibitory concentrations (10 μM) in the presence or absence of ATP, and evaluated their effect on cyclin expression. Treatment with thapsigargin alone and in the presence of ATP, decreased and maintained similar to the control, respectively, protein levels of cyclin D1, cyclin E, CDK2, and CDK4. Conversely, when NPCs were treated with lanthanum and ryanodine (10 μM) no effect on protein levels was observed. Although, when NPCs were treated with the same drugs in the presence of ATP protein levels presented a significant increase when compared to control conditions. Furthermore, when NPCs were treated with U-73122 alone, cell cycle protein levels were reduced beyond control levels (Fig. 7C) , indicating that IP 3 Rs were responsible for the observed effect on progression of the cell cycle (Fig. 6 ).
Cell cycle kinase activity during MSC neuronal differentiation
The eukaryotic cell cycle is regulated primarily by a family of serine/threonine protein kinases, consisting of regulatory cyclin subunits and catalytic cyclin-dependent kinase (Cdk) subunits (for review see [68, 69] ). In mammalian cells, complexes of Cdk4 and Cdk6 with D-type cyclins play a critical role in progression beyond the G 1 restriction point, while Cdk2/cyclin E complexes are required for the G 1 to S transition. Complexes of Cdk2-cyclin A function are involved in the progression of cells through S phase [70] . This process is negatively regulated by p27, as this protein binds to the cyclin E-Cdk2 complex, resulting in inhibition of its kinase activity [71, 72] . If IP 3 R-induced calcium oscillations promote proliferation, lower binding of cyclins E and A to p27 would be expected in cells treated with IP 3 R agonists. In line with a role for calcium oscillations in proliferation, cells treated with the IP 3 R agonist AdA had lower levels of Cyclin E and A bound to p27, as found through coimmunoprecipitation assays (Fig. 8) . This result suggests that IP 3 R signaling acts to increase proliferation by removing p27-mediated inhibition.
We also investigated the influence of IP 3 R signaling on cell cycle regulatory proteins during neuronal differentiation. To this end, differentiating MSCs were treated with the IP 3 R agonist AdA or with the IP 3 R antagonist xestopongin C. Treatment with AdA increased levels of cyclins A and E, as found by both western blots and cyclin kinase activity (Fig. 7A and B) . These results show that proliferation is Additional studies were performed on neural progenitor cells (NPCs). NPCs were treated for 30 min with ATP in the presence or absence of thapsigargin (Thaps, 1 μM), lanthanum (50 μM), ryanodine (10 μM), and U-73122 (5 μM) (C). The total lysates were then subjected to SDS-polyacrylamide gel electrophoresis and blotted with the cyclin D1, cyclin E, cyclindependent kinase 2 (CDK2), or CDK4 antibody. Each example shown (left panels) is representative of three experiments. Right panels (bar graphs) denote the mean ± S.E.M. of three experiments for each condition determined from densitometry relative to β-actin. ⁎p b 0.05 versus control; #p b 0.001 versus AdA alone.
decreased by drugs that block calcium oscillations by acting as IP 3 R antagonists, while IP 3 R agonists have the opposite effect. Furthermore, exposure to lanthanum and ryanodine (10 μM) do not change cyclin expression (Fig. 7C) , consistent with the view that IP 3 R, but not RyR activation modulates progression of the cell cycle. On the other hand, thapsigargin decreases cyclin expression (Fig. 7C) . As thapsigargin depletes ER calcium stores, it is likely that the effect of thapsigargin on cyclin expression is mediated by disruption of IP 3 R signaling.
Discussion
Cell cycle progression in stem cells and neural progenitor cells controls proliferation of neurons and glia during development of the central nervous system. Here we have demonstrated that in embryonic CSCs and adult MSCs cell cycle progression through the G 1 Supplementary Fig. 2 ), as in previous reports [13] . The present work shows that while the ER is the major source of Ca 2+ for these oscillations, extracellular Ca 2+ influx from SOCs is required to sustain these oscillations, presumably to refill intracellular stores of Ca 2+ . Interestingly, these oscillations tend to occur at the G1/S transition, suggesting a role for calcium events in control of cell cycle progression.
ER intracellular Ca 2+ stores are regulated by two families of receptors: IP 3 Rs and RyRs [52, 73] . Cytosolic IP 3 may be responsible for these Ca 2+ oscillations (Fig. 4 and Supplementary Fig. 4 ), as suggested previously [13, 74] cell cycle in embryonic stem cells. In line with these previous reports, our data show that in undifferentiated cells and NPCs from CSCs and MSCs proliferation was significantly decreased in the presence of drugs that prevent rises in [Ca 2+ ] i through PLC-and IP 3 -mediated pathways (Figs. 5-8 ). These results are in good agreement with a recent report indicating that EGF stimulates proliferation of mouse embryonic stem cells via PLC-dependent changes in [Ca 2+ ] i [80] .
Furthermore, we have previously shown that neurogenesis induced by cholinergic [21, 22, 81] and purinergic receptors [49] is mediated by IP 3 Rs [13] . Thus, a role for IP 3 R signaling in the maintenance of calcium oscillations is strongly supported by both by the current work and previous reports. Interestingly, we found that expression levels of cell cycle regulatory proteins (cyclin D1, cyclin E, CDK2, and CDK4) were dependent on IP 3 -mediated pathways. This suggests that IP 3 induces cell cycle progression beyond the G 1 phase of the cell cycle. These results also indicate that once IP 3 Rs are activated, PKC transmits signals to the nucleus through one or more MAPK cascades and activates immediate early genes. Therefore, the present results show that IP 3 modulates proliferation, possibly due to its role in maintaining calcium oscillations. Moreover, as IP 3 -induced calcium oscillations occur predominantly at the G1/S transition, these data are consistent with the hypothesis that calcium transients may be involved in cell cycle progression. However, it is important to consider that the effects observed on proliferation and progression of the cell cycle by IP 3 R agonists and antagonists may be independent of calcium waves. For example, it is possible that activation of MAPK, phosphatidylinositol 3-kinase (PI3 kinase), and protein Kinase A pathway by IP 3 R agonists [8, 82, 83] leads to increased proliferation. The finding that blocking calcium oscillations with RyR antagonists in NPCs also decrease proliferation [13] argues against this possibility. These oscillations may induce mitosis by activating calmodulin (CaM), which in turn may regulate the Ras/Raf/MEK/ERK pathway. CaM-binding proteins such as Ras-GRF and CaM-dependent protein kinase IV positively modulate ERK1/2 activation induced by either NGF or membrane depolarization [52, 53, 84] . These pathways play a role in initiating mitosis and are known to be activated by calcium oscillations [1, 53, 84] .
However, data concerning the importance of these transients in cell cycle progression are contradictory. On one hand, data supporting a role for IP 3 -mediated calcium oscillations in progression of the cell cycle are abundant. It has been shown that mitosis can be initiated by IP 3 R-induced calcium transients in mouse embryos [85] , sea urchin embryos [86] , and in CSC and MSCs (Fig. 6) . Moreover, in the sea urchin embryo a microinjection of calcium or IP 3 can induce entry into mitosis [86, 87] . Conversely, microinjection of calcium chelators blocks entry into mitosis [86] [87] [88] . Furthermore, an increase in IP 3 occurs before entry in mitosis and again at anaphase [4] , consistent with a role for IP 3 in generating the calcium signals. On the other hand, some reports suggest that calcium transients are not required for progression of the cell cycle. For instance, high concentrations of calcium chelators abolish mitotic transients, but do not affect entry into mitosis [85] . Furthermore, in mouse embryos inhibition of IP 3 Rs using 2-APB also abolishes calcium transients without affecting mitosis [85] . These data suggest that mitotic calcium signals are an epiphenomenon unrelated to cell cycle control.
The picture that emerges from these seemingly contradictory results is that measurements of intracellular calcium do not always support the idea that calcium transients are essential during mitosis. This led to the idea that mitotic calcium signals may occur in microdomains in many instances and that the larger transients may represent amplification of these small and localized calcium signals under some experimental conditions [89] [90] [91] . Some authors speculate that the calcium signals that control mitotic progression may occur in calcium microdomains so localized as to be undetectable in global calcium images. Thus, it is possible that undetectable calcium increases in microdomains initiate mitosis in reports which suggest that global calcium changes are not relevant for mitosis [42, 76, 77] , although future studies are need the clarify this issue.
In the present study we have demonstrated that undifferentiated CSCs and adult MSCs exhibit IP 3 R-mediated [Ca 2+ ] i oscillations, while in NPCs both IP 3 Rs and RyRs mediate these oscillations. Interestingly calcium transients occur predominantly at the G 1 /S transition suggesting a role for these calcium transients in progression of the cell cycle. This hypothesis is supported by the finding that IP 3 R activation increases both the fraction of cells in G 2 /M and cell proliferation rates. The present results give further insight into the mechanisms that control progression of the cell cycle in stem cells as distinct as CSCs and MSCs, describing a signaling mechanism that could promote rapid transition out of G 1 and therefore support the preservation of their pluripotent state.
Author disclosure statement No competing financial interests exist.
